Critical heat flux (CHF) experiment with uniform heating was performed in a tube of 8.2 mm in inner diameter and 2.4 m in heated length. The water flowed upward through the test section. The pressure covered the range from 8.6 to 20.8 MPa, mass flux 1157 to 3776 kg/m 2 s, inlet quality À2.79 to À0.08 (subcooling 19-337 C), and local quality À0.97 to 0.53. For the pressure close to the near-critical point, the CHF decreased substantially with the pressure increasing. For the subcooling larger than a certain value, the CHF was related to the local condition. But for low subcooling and saturated condition, the CHF was related to the total power. The present results were in agreement with the previous experiment for the same local subcooled condition. Based on the present experimental results with subcooled and saturated conditions an empirical relation of the CHF was presented.
Introduction
The critical heat flux (CHF) is a major concern to the design of nuclear reactors, because it is an important limitation for their operation. Great number of investigations has been available in the literature, including the experimental and theoretical researches. Up to now, various empirical correlations, theoretical predictions, and the look-up tables for the CHF have been proposed for the design of the reactors [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . A comprehensive review of the researches has been presented [14] . In recent years, the supercritical water-cooled reactors are selected as the candidate of Gen-IV reactors due to its high efficiency and more safety. But only limited experiments of the critical heat flux were performed for the near-critical pressure, and some parametric trends were studied [15] [16] [17] .
In the author's previous study, the experiments of subcooled flowing water were performed in the uniform heating tubes of inner diameters from 2.32 to 16 mm for pressure of 0.1-2 MPa and from 4.62 to 10.89 mm for pressure of 2-20.6 MPa [18] . The empirical correlations and theoretical predicted method were proposed. In this study, the experiment was extended to the saturated condition with heating tube of 8.2 mm in inner diameter and 2.4 m in heated length. The mass flux was extended to a high value, and an empirical correlation was proposed.
Experimental Facility and Procedure
The experimental facility is shown in Fig. 1 . The deionized water is driven by a canned pump. Then, it flows through the flowmeter, the preheater, and upward through the test section. Finally, it passes to the heat exchangers and then back to the pump. The pressure is kept by the pressurizer. The test section is an Inconel-600 tube of 8.2 mm in inner diameter, 11.5 mm in outer diameter, and 2.4 m in heated length.
The K-type sheathed thermocouples of 1 mm in diameter are used to measure the inlet and outlet water temperatures of the test section. The turbine flowmeters of 6 and 10 mm in diameter are used to measure the flow rate. The outlet pressure is measured by a pressure transducer. The AC supply with capacity of 160 kW is used for the preheating. The DC supply with capacity of 7000 A Â 65 V is applied for the test section by two subsections in parallel, as shown in the figure. The voltage and the currents to the each subsection are measured. The onset of CHF is detected by the photocells. At normal operation condition, the photocell does not have any output. While when the wall temperature increases to above 500 C, the photocell produces an electrical signal. The onset of CHF is always detected at near the end of test section. This simple method has been used for the CHF experiments with uniform heating for more than 40 years without any failure, especially for a larger tube where the location of the onset of CHF is difficult to expect accurately [19] . The reliability of the occurrence of CHF is validated by the reproduction of the CHF data in many tests. All the experimental data are recorded by a data acquisition system. The uncertainty for the water temperatures is 62.0 C, the flow rate 61.0%, the pressure 60.5%, the current and voltage 60.5%, and the critical heat flux 61.5%.
During experiment, the pressure was controlled by the pressurizer, and the flow rate was controlled by valves at a required value. A certain preheating power was applied to keep the inlet water temperature, and the heating power to the test section was increased gradually. When the CHF condition was closed, the power to the test section was increased very slowly. Until the onset of CHF condition was detected, the power was shut down. Then, another run was started at a required pressure, flow rate, and inlet water temperature with slow increase of the power to the test section. For the near-critical pressure, at the onset of critical condition, the increase of surface temperature appears not so sharp as lower pressure.
Experimental Results
Totally, 72 CHF data points were obtained, covering the ranges of pressure of 8.6-20.8 MPa, mass flux of 1157-3776 kg/m 2 s, inlet subcooling of C and local subcooling of 0-92.7 C or local quality of À0.97 to 0.53. The power to the test section was nearly axial uniform. The critical heat flux was evaluated at the up subsection by V Â I 1 /3.1416/D/L, where D was the inner diameter, V was the voltage, I 1 and L 1 were the current and the length of up heated section. For subcooled outlet condition, the local (outlet) subcooling was from the measurement. While for saturated condition, the local quality was determined from the inlet subcooling with heat balance equation.
3.1
The Effects of Parameters on the CHF. The effect of inlet subcooling on the CHF with different mass fluxes is shown in Fig. 2 , and the effect of inlet quality on the CHF with different pressures is shown in Fig. 3 . For all the conditions, the CHF is increased as the mass flux increasing. It is also increased as the inlet subcooling increasing or decreased as the inlet quality increasing. When the pressure closes to the near-critical point, the trend of CHF with inlet subcooling is not so strong as lower pressure. This effect is more evident in the figures of q CHF; M À X i , as seen in Fig. 3 , because at higher pressure the latent heat of evaporation decreases remarkably.
The Variation of Total Power With a Given Mass
Flux for a Saturated Condition. For the saturated condition, keeping the pressure and mass flux nearly constant, the inlet temperatures ahead of the preheater remained in a small range (22-31 C). When the power to the preheater, PWE 0 , was increased from 0 to about 90 kW, the powers to the test section, PWE, varied correspondingly. The PWE, PWE 0 , and the sum of PWE and PWE 0 were shown in Fig. 4 . It was interesting to see that at saturated condition, with different PWE 0 , the sum of PWE and PWE 0 varied very small. This appears to be in agreement with the finding that for the quality larger than a certain value the critical quality is determinant [20] . Table 1 The geometries and experimental conditions in the previous experiment In the previous study, an empirical correlation was proposed to formulate the subcooled experimental results of D ¼ 4.62, 7.98, and 10.89 mm with heated lengths of 0.5, 0.8, and 1.1 m, respectively [18] . The conditions are listed in Table 1 . The empirical correlation is as follows:
where
and c ¼ min
where the H s and H i are the liquid saturated enthalpy and the inlet enthalpy in J/kg, the P is the pressure in MPa, G is the mass flux in kg/m 2 s, D and L are the diameter and heated length in m. In these tests, the ratio L=D is nearly 100. Therefore, to compare the present results of subcooled condition with this correlation, the H i is calculated at the location L¼ 0.82 m from the end of heating by heat balance, H 100 , and Eq. (2) is written as q s ¼ ðH s À H 100 Þ G=400. Then, the comparison is made by ðq CHF;P À q CHF;M Þ= q CHF;M versus DT o , where the q CHF;P , and q CHF;M , are the predicted and measured CHF, respectively. As shown in Fig. 5 , for the local subcooling larger than 25 C, the agreements are nearly within 610%, which is the same as the original experiment. However, at lower subcooling, the deviation appears increased. It is concluded that for higher subcooled condition, the CHF is related to the local condition, but for low subcooled and low quality condition, the total power is related [20] .
The Present Empirical Correlation
Totally, 72 experimental data are obtained, covering the ranges of P ¼ 8.6-20. 
where The comparison of the experimental data with the present correlation is shown in Fig. 6 . For more than 95% data points, the deviations are less than 15%, and the average error and the rootmean-square error are þ0.03% and 7.3%, respectively.
Conclusions
The critical heat flux experiment of flowing water was performed under subcooled and saturated conditions in the uniform heated tube of 8. (1) The CHF is increased as the inlet subcooling or mass flux increasing. For higher local subcooling condition, the CHF is related to the local parameters, but for low subcooling or saturated condition, the CHF is related to the total power. At higher quality condition, the critical quality is determinant. (2) For the pressure near-critical point, the trend of qCHF -X i is not so strong as lower pressure, and at the onset of CHF, the surface temperature is increased not so remarkably. 
